The feasibility for in vivo navigation of untethered devices or robots is demonstrated with the control and tracking of a 1.5 mm diameter ferromagnetic bead in the carotid artery of a living swine using a clinical magnetic resonance imaging ͑MRI͒ platform. Navigation is achieved by inducing displacement forces from the three orthogonal slice selection and signal encoding gradient coils of a standard MRI system. The proposed method performs automatic tracking, propulsion, and computer control sequences at a sufficient rate to allow navigation along preplanned paths in the blood circulatory system. This technique expands the range of applications in MRI-based interventions.
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The replacement of many highly invasive procedures by minimally invasive surgeries ͑MIS͒ has been a significant milestone for modern interventional medicine. 1 Although the next step in modern interventional procedures 2 may be inspired from the 1966 science fiction movie "Fantastic Voyage," forty years later, techniques allowing automatic navigation and directed targeting of untethered objects, devices, or microscale robots in deep regions of the human body have not been realized yet. 3 Medical interventional procedures relying on untethered instruments, carriers, or sensors navigating in the bloodstream could open the path to a variety of therapies, interventions, and diagnostic methods directly targeted at operative sites that remain inaccessible or at high risk to modern MIS-based instruments. In larger blood vessels, navigation of larger untethered devices may assist in applications such as reopening of encumbered arterial ways or alternative methods of aneurysm treatment, to name but a few applications. Devices released from a catheter could perform as an extension of existing MIS-based instruments.
Here, a conventional magnetic resonance imaging ͑MRI͒ system as found in many clinical settings is considered. Although MRI systems have been used exclusively for imaging purposes until now, we show that its range of potential medical and research applications can be expanded beyond imaging by this demonstrated ability of MRI scanners to provide a means of propulsion for minimally invasive devices. This actuation method combined with imaging/tracking and control software represents the components essential for precise navigation of various types of untethered interventional devices and objects inside the human body. The use of a clinical MRI system for such applications offers many advantages including but not limited to enhanced tissue contrast, lack of radiation, and widespread availability in clinical environments. It is also shown that for navigation in larger blood vessels, the three orthogonal gradient coils inside the bore of an MRI system, typically used for slice selection and signal encoding during MR imaging, can also induce a threedimensional ͑3D͒ directional magnetic force sufficient to propel an object made of ferromagnetic material. 4 This force is proportional to the amplitude of the gradient vector according to
where R is the duty cycle of gradient generation, V the volume of the ferromagnetic object, M the magnetization of the material, B the magnetic field, and ٌ the vector differential operator. To navigate a spherical device in the center of larger blood vessels with Reynolds number 1000Ͻ Re Ͻ 3000 and considering the retarding effect of the blood vessel walls, 5,6 magnetic propulsion force must overcome a drag force
where is the density of blood, A the frontal area of the immersed body, u t the terminal velocity of the device, is the ratio between the spherical device's diameter d and the vessel's diameter, and C Dsphere the drag coefficient,
where u and are the relative velocity between the immersed device and the blood and the viscosity of blood, respectively. Endovascular navigation made possible by integrating propulsion and tracking events within control software that deals with their time sequencing as well as with real-time, physiological, and technological constraints is presented in Fig. 1͑a͒ . The navigation sequence coordinated through custom developed proprietary software modules embedded in the MRI system consists of two events: a synchronization event responsible for the controller routine to be called that lasts for 0.6 ms and a propulsion phase and tracking acquisition event that lasts for 41 ms. While the latter event is running, a processing time and a communication time are required for the control routine to be completed and the command to be sent to the running sequence, setting the minimum duration of the latter event with a maximum duration set by power limitations from the gradients applied during the tracking and propulsion phases. A longer duration provides more magnetic propulsion force but increases the loading level on the gradient coils and amplifiers. Hence, the 41 ms duration was determined to be the maximum level of power dissipation the MRI scanner used for the experiment could sustain.
A ferromagnetic 1.5 mm ͑0.0136 g͒ diameter chrome steel sphere ͑Salem Specialty Balls Company, Canton, CT͒ was used for the experiment. Its magnetization M 1.5 T = 1.35ϫ 10 6 A / m was measured at B 0 = 1.5 T ͑Walker Scientific VSM, Worcester, MA͒ being the field present inside the bore of the MRI system used ͑Siemens Magnetom Avanto 1.5 T, Erlangen, Germany͒. A spherical shape was chosen instead of a prolate spheroidal shape that minimizes drag force [8] [9] [10] since a ferromagnetic body tends to maintain its original orientation along the B 0 field inside the MRI bore. Hence, the symmetry of a spherical body although not optimal for a predetermined direction of motion is still a suitable and simple compromise for general two-dimensional and 3D navigations.
The tests were performed with real-time MRI positional accuracy of 0.59 mm combined in a time multiplexed fashion with propulsion using the MRI imaging gradient coils and proportional-integral-derivative control. Real-time tracking bypassing MR susceptibility artifacts 11 caused by the ferromagnetic material was performed. 12 A tracking data history during in vivo navigation of the ferromagnetic sphere being automatically controlled inside the carotid artery of a 25 kg living swine ͑Supplementary Movie 1, see Ref. 13͒ is depicted in Fig. 1͑b͒ and Fig. 2 . Ten round-trips were programmed and achieved during this test. In Fig. 1͑b͒ , the tracking history of the sphere as well as the amplitude of the propulsion gradients in the coordinate system of the MRI platform are shown as a function of time.
In addition to the trade-off between the refresh rate and the duty cycle of the propulsion gradients ͓Fig. 1͑a͔͒, the time duration ͑repetition time͒ of the tracking sequence is another constraint that needs to be taken into account for optimal navigation performance. For more precise navigation subjected to perturbations, higher refresh or control rates are preferred. On the other hand, control rates beyond some thresholds can decrease tracking and propulsion performance significantly. Because of MRI signal considerations, hydrogen protons require some time duration between two subsequent rf excitations to reach an equilibrium condition. With insufficient repetition time, MRI signal acquisitions can become unusable for tracking. As a general rule, repetition time can be decreased until MR signal quality is degraded but still usable for tracking within acceptable navigational parameters such as control rate and propulsion time especially when subjected to a pulsatile flow and body movement perturbations. During the experiments, a positive 13°inclination of the carotid arteries with respect to the horizontal X-Z plane of the MRI system was measured from a 3D MR angiography. When coupled with a potential very low friction coefficient 14 between the bead and the vessel, displacements of the bead when not subjected to propulsion force could occur. To reduce potential undesirable motions, a higher refresh rate of 24 Hz ͑41.6 ms repetition time͒ was chosen in this particular context to guarantee stable navigation while preserving slightly noisy but usable MRI tracking signals.
In our experimental realization of a navigable device in larger blood vessels, it is shown that automatic trajectory control of a ferromagnetic body is feasible without modifying the hardware of clinical MRI systems. Here, peak velocities in the range of 8.43-11.1 cm/ s inside the artery ͑5 mm lumen͒ without blood flow have been recorded. The experimental result is less than the theoretical value of ϳ16 cm/ s estimated from the previous equations using R = 44.5% ͓Fig. 1͑a͔͒. This difference may be caused by the presence of the balloon catheter ͑used to stop blood flow in the artery͒ sheath as well as by the eccentricity of the sphere in the vessel that is not taken into account in the wall effect correlation.
5 Increasing = 0.3 to an optimal value ͑close to = 0.42͒ would improve performance by providing the best trade-off between propulsion force and retarding effect caused by the vessel walls. 5 This indicates that the design of subsequent devices would not only be guided by the types of interventional procedures but by the diameter and blood flow of the vessels used to reach the target. In turn, complex pathways involving various types of blood vessels will influence further the design of the device that could be made of a single or an agglomeration of smaller biodegradable polymeric ferromagnetic entities.
For smaller vessels, since magnetic force scales down at a cubic rate while drag force decreases linearly at low Reynolds numbers, the addition of propulsion dedicated gradient coils in the MRI bore for inducing propulsion force on a smaller device must be considered. Our preliminary data acquired in this demonstration suggest that due to limits in gradient amplitudes that can be generated, the same principle but for the purpose of steering instead of propelling devices in low Reynolds hydrodynamic environments ͑capillaries to small arterioles or venules͒ could be applied. On the other hand, nanocarriers due to their single domain magnetic property behave as MRI contrast agents that already proved to be visible and traceable with MRI without causing image artefacts as it is the case for larger magnetic entities. Gradient induced magnetic forces from an MRI platform could steer agglomerations of micro-or nanodevices ͑or more complex devices such as nanorobots in a farther future͒ being drifted by blood flow. Improved targeting could be enhanced further by decreasing blood velocity with an appropriate method such as upstream balloon catheter inflation.
The results and the methods developed for this letter provide valuable data for potential future development of enhanced MIS-based interventional systems and procedures that can be adapted to a variety of applications particularly for direct delivery in nanomedicine where extensive research efforts are being made to develop multifunctional magnetic nanoparticles.
